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Aerodynamic forces and moments are critical design parameters used in the design of shell and bodies flying in relative motion to each other. The advancement of computational 'fluid dynamics (CFD) has had a major impact on projectile design and development.[l-41 Improved computer technology and state-of-the-art numerical procedures enable solutions to complex, threedimensional (3-D) problems associated with projectile and missile aerodynamics. The research . effort has focused on the development and application of a versatile overset grid numerical technique to solve multi-body aerodynamic problems. This numerical capability has been used successfully to determine the aerodynamics on a multi-body problem of brilliant anti-armor (BAT) submunition dispersal from the Army tactical missile system (TACMS). Figure 1 shows this missile and multiple submunition system. The complexity and uniqueness of this type of multi-body problem result from the aerodynamic interference of the individual components, which include 3-D shock-shock interactions, shockboundary layer interactions, and highly viscous-dominated separated flow regions. The overset grid technique, which is ideally suited to this problem, involves generating numerical grids about each body component and then oversetting them onto a base grid to form the complete model. With this composite overset grid approach, it is possible to determine the 3-D interacting flow field of the multi-body system and the associated aerodynamic forces and moments at different positions and orientations without the need for costly regridding. The solution procedure of the developed technique is to compute the interference flow field at multiple locations until final converged solutions are obtained and then to integrate the pressure and viscous forces to obtain the total forces and moments. The complex physics and fluid dynamics structure of the 3-D aerodynamic interference for this multi-body problem have been identified.
A description of the computational algorithm and the chimera technique follows. The next section describes the model geometry and various computational grids used in the numerical computations. Results are shown for multiple BAT submunitions at low supersonic speeds. In one set of computations, the effects of a single submunition dispensing too quickly are investigated.
Another set of computations is designed to investigate the flow field for the nonsymmetrical dispensation of submunitions near and far from the TACMS missile bay.
SOLUTION TECHNIQUE

Governing Eauations
The complete set of 3-D, time-dependent, generalized geometry, Reynolds-averaged, thin layer Navier-Stokes equations is solved numerically to obtain a solution to this problem and can be written in general spatial coordinates 5, IJ, and 5 as follows [S] :
(1)
In Equation 1, 4 contains the dependent variables: density, three velocity components, and energy.
The thin layer approximation is used here, and the viscous terms involving velocity gradients in both the longitudinal and circumferential directions are neglected. The viscous terms are retained in the normal direction, 5, and are collected into the vector L?. These viscous terms are used everywhere.
In the wake or the base region, similar viscous terms [l] are also added in the stream-wise direction, 5. An implicit, approximately factored scheme is used to solve these equations.
Numerical Algorithm
The implicit, approximately factored scheme for the thin layer Navier-Stokes equations using central differencing in the q and 5 directions and an upwind scheme in 5 is written in the following in which h = At or (At)/2 and the free stream base solution is used. Here, 6 is typically a threepoint second order accurate central difference operator, 8 is a midpoint operator used with the viscous terms, and the operators 85" and 6; are backward and forward three-point difference operators. The flux fi has been eigensblit, and the matrices 2, i, e, and & result from local linearization of the fluxes about the previous time level. Here, J denotes the Jacobian of the coordinate transformation. Dissipation operators De and Di are used in the central space differencing directions,
Chimera Scheme
The chimera overset grid technique [7-91, which is ideally suited to multi-body problems, involves generating independent grids about each body and then oversetting them onto a base grid to form the complete model. This procedure reduces a complex multi-body problem into a number of simpler sub-problems. An advantage of the overset grid technique is that it allows computational grids to be obtained for each body component separately and thus makes the grid generation process easier. Because each component grid is generated independently, portions of one grid may lie within a solid boundary contained within another grid. Such points lie outside the computational domain and are excluded from the solution process. Equation 2 has been modified for chimera overset grids by the introduction of the flag i, to achieve just that. This i, array accommodates the possibility of having arbitrary holes in the grid. The i, array is defined so that i, = 1 at normal grid points and i, = 0 at hole points. Thus, when i, = 1, Equation 2 becomes the standard scheme, but when i, = 0, the algorithm reduces to A&' = 0 or on+'= on, leaving 0 unchanged at hole points. The set of grid points that forms the border between the hole points and the normal field points is called inter-grid boundary points. These points are updated by interpolating the solution from the overset grid that created the hole. Values of the i, array and the interpolation coefficients needed for this update are provided by a separate algorithm [7] . * Figure 2 shows an example where the'parent missile grid is a major grid and the BAT submunition grid is a minor grid. The submunition grid is completely overlapped by the missile . grid, and thus its outer boundary can obtain information by interpolation from the missile grid.
Similar data transfer or communication is needed from the submunition grid to the missile grid.
However, a natural outer boundary that overlaps the submunition grid does not exist for the missile grid. The overset grid technique creates an artificial boundary or a hole boundary within the missile grid that provides the required path for information transfer from the submunition grid to the missile grid. 'The resulting hole region is excluded from the flow field solution in the missile grid. 
MULTI-BODY PROBLEM DESCRIPTION
The TACMS-BAT multi-body problem involves the radial dispensing of several BAT submunitions (see Figure 1 ) at a low supersonic speed and was therefore ideally suited for the numerical capability [ll] The missile carries 13 submunitions; the fast ten outer BAT submunitions are radially dispensed, and then the three inner BAT submunitions are dispensed from the TACMS. Once released from the missile bay, the self-guided BAT submunitions autonomously navigate over the hostile territory, use their sensors to detect targets, and deliver shaped charged warheads. The concern here is the flight dynamics and aerodynamics of the dispensing phenomenon. Application of the advanced CFD modeling technique to this multi-body dispensing problem was to provide realistic simulation, detailed understanding of the underlying aerodynamic interference effects, and design information that can lead to successfully dispensing the BAT submunitions from the TACMS.
MODEL GEOMETRY AND GRIDS
An advantage of the chimera technique is that it allows computational grids to be obtained for each body component separately and makes the grid generation process easier. Figure 3 shows a computational grid for the complete model, including the missile and the BAT submunitions. Also shown here are the sections of the 3-D BAT computational grids overset onto the missile grid. Figure 4 shows a computational grid for one BAT submunition. As part of the chimera procedure, this BAT grid is partially cut by the missile body itself. Similarly, the presence of the BAT submunition cuts a hole in the missile grid (see Figure 5 ). The missile grid consists of three zones: one on the nose region ahead of the cavity, one in the cavity itself, and the third one aft of the cavity region. Each of these three zones is a rectangular grid. The grid around the submunition consists of two zones (one for the body and one for the base region) and was obtained using a C-topology and a rectangular topology, respectively. The submunition grids were individually generated and then overset as shown in Figure Computations were performed for the symmetrically dispensed multi-body problem with six BATS at M, = 1.2 and a = 0". Two of the six BATS were positioned on the symmetry plane; thus, only 180" of circumferential arc was required to model them. Also, in this case, only half of the actual missile bay was modeled. Figure 7 shows the Mach number contours for this case. Qualitatively, it shows the expected shock structure and the flow field resulting from the submunition interactions. Figures 8 and 9 show the circumferential Mach number contours for the six-BAT case at two longitudinal stations, 2.5 and 3.2 calibers from the nose of the missile.
Both locations are in the cavity of the missile; 2.5 calibers correspond to a position approximately at the bay midpoint, while 3.2 calibers is very close to the aft end of the missile bay. These figures show the BAT-to-BAT interactions and the effect of.the cavity shape on the solutions. Figure 8 indicates a smaller region of low-speed flow between the cavity surface and the bottom surfaces of the BATS and high-speed flow near the top surfaces of the BATS. At a station down stream in the cavity, Figure 9 shows a large region of the low-speed flow between the BATS and missile cavity surface as well as near and away from the top surfaces of the BATS.
Aerodynamic forces and moments were obtained from the computed solutions. Figure 10 shows normal force coefficient, axial force coefficient, and pitching moment for the submunitions as a function of radius (measured from the center line of symmetry of the missile). These computed force and moment coefficients were compared with the experimental data and are found to be in good agreement with the data. Documentation for the experimental data presented in this report is given in Reference 15. The measured axial force coefficient does not include base drag, and computed axial force coefficient excludes base drag of the submunitions for direct comparison. In order to examine the effect of a single BAT submunition ejecting from the missile bay too quickly, a single submunition was positioned at a radial distance one BAT diameter greater than the rest of the submunitions. This positioning will be referred to as fast mode dispensation. Figure 11 provides a visual reference for the fast mode positioning. The darkly shaded submunition is moved radially outside its symmetrically dispensed position. Tables 1 and 2 show the results for the symmetrical dispensation and fast mode dispensation, respectively. BAT1 represents the uppermost submunition, while BAT6 represents the lowermost submunition. BAT1 is the submunition that is moved by one BAT diameter in the fast mode dispensation position. As can be seen in Tables 1 and 2 , the aerodynamic forces and moments on the BATS closest to BAT2 have changed appreciably, as have the forces and moments on BAT1 itself. The influence of the change in BAT1 positioning on BATS 3 through 6 seems to be minimal. For another set of runs, the position of the submunitions was set in order to evaluate flow field correction factors for nonsymmetrical dispensation at a distance near and far from the bay.
The flow field correction factors are used in six-degree-of-freedom simulations of BAT dispensation for differing conditions. CFD computations were made for two configurations: The drag coefficient computed from the CFD solutions compares very well with the measured drag coefficient. Figure 19 shows a plot for the drag coefficient of the same BATS that were instrumented to obtain the force and moment data displayed in Figure 18 . In the experiment, each
BAT was mounted on a sting. The stings were not modeled in the CFD computation. The total drag coefficient was obtained from a force measurement of the BAT with sting. The experimental value of the BAT forebody drag was estimated by taking a pressure measurement near the BAT . base and using it to estimate the base drag component of the total drag coefficient. The base drag component was then subtracted from the total drag to obtain the forebody drag. An interesting note c is the increase in drag with the increased distance of the BAT from the TACMS center. This work represents the application of a chimera overlapping grids approach for accurate numerical calculation of aerodynamics involving multiple bodies. The predictive numerical capability has been used to provide the development community numerical data and basic flow field design information to more effectively guide the design of a multi-body missile configuration.
It allows accurate and realistic numerical prediction of interference effects and aerodynamics required for the improved design and modification of current and future multi-body missile and projectile configurations. Computational fluid dynamics calculations have been performed for a multi-body system consisting of a main missile and a number of submunitions. Numerical flow field computations have been made for various orientations and locations of submunitions using an unsteady, zonal Navier-Stokes code and the chimera composite grid discretization technique at low supersonic speeds and 0' angle of attack. Steady state numerical results have been obtained and compared for cases modeling six submunitions in pitch-plane symmetry and ten submunitions for which symmetry could not be exploited. Computed results show the details of the expected flow field features including the shock interactions. Computed results are compared with limited experimental data obtained for the same configuration and conditions and are generally found to be in good agreement with the data. The results help to quantify changes in the aerodynamic forces and moments, which are attributable to changes in position of the submunitions relative to one another. 
